ABSTRACT Room-temperature ionic liquid (RTIL) that is a liquid salt at or below room temperature is expected to be an innovative functional solvent and a liquid material due to its anomalous physicochemical properties such as negligible vapor pressure, flame resistance, and relatively-high conductivity. With an eye on what RTIL has negligible vapor pressure, we have created the analytical technique combined with RTIL and secondary electron microscope (SEM). In this paper, we report several RTIL-based SEM techniques that will be a useful analytical method in both electrochemistry and life science. The aim of this study is to show the utility of the RTIL-based SEM techniques.
Introduction
Scanning electron microscope (SEM) system that is a powerful tool for obtaining useful information on surface morphology greatly contributes the development of modern technology in various fields. But the specimen for the SEM observation has to be dry and be covered with an electron conductive layer so as to detect secondary electrons generated by a primary electron beam irradiation with a high signal-to-noise (S/N) ratio. 1 The sample chamber of a conventional SEM system is ordinarily maintained under dry and high vacuum condition during SEM observation; that is, the specimen is limited to non-volatile solid material covered with a conductive layer. Room-temperature ionic liquid (RTIL) is a liquid salt at or below room temperature and is composed entirely of cations and anions. 2 The curious salt is expected to be an innovative functional solvent and a liquid material due to its anomalous physicochemical properties such as negligible vapor pressure, flame resistance, and relatively-high conductivity. Using the RTIL, various next-generation technologies including liquid-vacuum technologies 37 have been developed to date. In 2006, we have succeeded in SEM observation of RTIL itself without charging behavior. 8 Subsequently a thin RTIL liquid layer spread on insulating materials was found to work as a conductive layer when the materials are observed by SEM. 912 Now there is a growing trend of the articles on the novel analytical technique combined with RTIL and SEM. 918 However, the technique leaves still much to be improved. In this article, we report the approaches on an in situ SEM observation of electrochemical reaction in RTIL to know the reaction at an early stage and a novel facile pretreatment method using RTIL for SEM observation of wet biological specimens as an alternative to a conventional complicated and laborious pretreatment method. The aim of this study is to show the utility of the RTIL-based SEM techniques in various fields including electrochemistry and life science.
Experimental
All RTILs except 1-ethyl-3-methylimidazolium acetate ([EtMeIm] [AcO]) and 1-ethyl-3-methylimidazolium bis(fluorosulfonyl)amide ([EtMeIm] [N(SO 2 F) 2 ]) were prepared and purified with the methods described elsewhere. 2, 1921 Purchased [EtMeIm] [AcO] (Iolitec, >95%) and [EtMeIm] [N(SO 2 F) 2 ] (Kanto Chemical Co., Inc., specially-synthesized ultrapure grade) were purified in an orderly manner before use. Note that the purity of the RTIL affects the SEM image quality. 16 Penetration characteristics of a primary electron beam irradiated from an electron gun in a scanning electron microscope (SEM) system to a thin RTIL layer was investigated by a Carl Zeiss NTS GmbH ULTRA plus SEM system. The special specimen, which was prepared by dropping RTIL onto a transmission electron microscope (TEM) microgrid (T 3.0 mm, copper, 150 mesh) with an amorphous carbon thin layer and blotting excess the RTIL, was used for this investigation. The investigation was conducted with a secondary electron image mode.
Electrochemical experiments were carried out by using an IVIUM CompactStat potentiostat/galvanostat controlled with a laptop computer and a handmade glass plate type electrochemical cell depicted in Fig. 1(a) N] , followed by drying the product in vacuo at 373 K. All the electrochemical experiments were conducted in the vacuum chamber of a Hitachi S-3400N SEM system, which is designed to do electrochemistry and video recording of the electrochemical reaction, as shown in Fig. 1(b) .
Biological specimens were observed by a Hitachi S-3400N, a Hitachi S-4500, or a JEOL JSM-6330 SEM system. Their specimens were pretreated with two methods before the SEM observation: One is a typical conventional pretreatment method [Scheme 1(a)], and another is our proposed RTIL-based method without a glutaraldehyde fixation and a Au coating process [Scheme 1(b)].
Results and Discussion
Analytical technique combined with RTIL and SEM is gradually becoming known among scientists and engineers in various fields. But still penetration characteristics of a primary electron beam irradiated from an electron gun in SEM system to a thin RTIL layer is not apparent, although it is a highly important fundamental phenomenon that forms the basis of the analytical technique. We attempted to clarify the characteristics using a state-of-the-art SEM system with an in-lens detector for secondary electrons. Fig. 2(f ) ]. These results imply that we can see SEM images without any difficulty, especially at higher accelerating voltage, if the RTIL layer coated onto the specimens has a suitable thickness. Unfortunately we could not estimate the penetration depth of the primary electron beam precisely, but we speculate that the depth is at least 1 µm from the results of some investigations. Based on the findings described above, we attempted to create an in situ SEM observation video recording system for electrochemical reaction by using a Ag electrodeposition/electrostripping process in RTIL. As depicted in Fig. 1 , the electrochemical cell and the SEM system for the in situ SEM observation were designed so that we can record the reaction on DVD. Before the in situ SEM 2 ] was remarkably similar to that in common RTILs and urea-based melts.
2,2224 A cyclic staircase voltammogram recorded at a FTO electrode showed a single reduction wave with an associated oxidation wave that was attributed to the Ag electrodeposition and electrostripping. Based on the voltammograms, we conducted controlled-potential electrolysis at ¹0.6 V (vs. Ag(I)/Ag) to deposit Ag metal and controlled-current electrolysis at 30 nA for the Ag metal electrostripping. We have succeeded in in situ SEM observation of the Ag electrodeposition/electrostripping process and video recording of it. Figure 3 indicates SEM images captured in the video clip. As to the Ag electrodeposition, we could observe fine three-dimensional dendritic crystal growth of the Ag deposit because the electrolysis was conducted at the potential reaching diffusion-limited current. The three-dimensional structure was able to be observed at only the high accelerating voltage of the primary electron beam, which can penetrate the RTIL layer. Similarly, we could see electrostripping process of the Ag deposits. We believe that this analytical method will contribute to further development of the RTIL-based electrochemical devices, e.g., electrochemical actuator and lithium-ion secondary battery.
When biological specimens with high water content, which are covered with a nonconductive layer, are observed by a common SEM system, a pretreatment process consisting of a glutaraldehyde fixation and a Au coating process etc., is required before the SEM observation. Common conventional preparation protocols for SEM observation of biological specimens are described in reference. 1 One of the typical preparation protocols is illustrated in a schematic way in Scheme 1(a). The protocol consists of several laborious processes, and it takes more than 7.5 hrs. The pretreatment often results in perceptible morphological alteration of biological specimens creating artefacts. In order to overcome the disadvantages, we herein report on a convenient method using RTIL [Scheme 1(b)]. In the scheme, RTIL has two important tasks that are formation of conductive layer onto biological specimens and morphology preservation of the specimens. By avoiding the Au sputtering and the fixation step, the pretreatment process can be completed within a couple of minutes in some cases. Figures 4(a) and 4(b) depict SEM images of a butterfly wing covered with scales pretreated with only a Au sputtering process [simplified Scheme 1(a)] and with Scheme 1(b), respectively. We could see severe charging behavior in the SEM image shown in Fig. 4(a) . In general, it is quite tough to get a good quality SEM image of the butterfly wing having complicated surface morphology that causes a non-uniform conductive layer formation in the Au sputtering process. On the other hand, the SEM image taken after the Scheme 1(b) pretreatment indicated considerably fine and spontaneous morphology of the specimen and surpassed conventional one obviously. Similarly, also we could view rice starch grains and bread molds on a rice cake under an electron microscope after the Scheme 1(b) pretreatment.
One of the hot topics in RTIL-based technology is depolymerization of cellulose, which is one of polysaccharides, and liquefaction process of wood. First article on the cellulose depolymerization in ionic liquids was reported by Rogers et al. 25 Ohno et al. proposed a cellulose-based energy conversion process using the RTIL treatment in order to generate electrical energy from cellulose that cannot be decomposed under a mild chemical process. 26 Recent years, several research groups have attempted to directly liquefy wood in RTILs so as to yield glucose. 27, 28 However, there is a limited number of articles on the liquefaction mechanism of wood. The mechanism is still unknown although it is very important to clarify the mechanism to enhance the liquefaction reaction rate. Therefore we conceived to apply our created RTILbased SEM technique to the understanding of the mechanism. In this study, we used 1-ethyl-3-methylimidazolium acetate ([EtMeIm]-[AcO]) with high ¢ value (hydrogen-bonding basicity) as a solvent for liquefying a wood sample. It is well-known that RTILs showing the high ¢ value can dissolve cellulose with ease. 26 The liquefaction experiment of the wood (Cryptomeria japonica) was conducted at less than 393 K. Figure 5 shows SEM images of the cross-sectional wood sample pretreated with the Scheme 1(b) before and after the liquefaction process of the wood. Before the liquefaction process, two different parts, earlywood and latewood, were observed clearly [ Fig. 5(a) ]. The earlywood part, which consists of large thin-walled Electrochemistry, 80(5), 308311 (2012) cells, shows an evidence of the growth in spring season, and the latewood part that is composed of small thick-walled cells indicates it in late summer and early fall season. Our SEM image showing these two parts was morphologically identical to optical microscope images reported to date. 27 In contrast, after the liquefaction process of wood at 393 K, we recognized obvious alteration in the latewood part [ Fig. 5(b) ]. Provided that the liquefaction process was carried out at lower temperature, e.g., 353 K, there was no apparent wood liquefaction, but the voids in the latewood part enlarged definitely. The morphology transformation may show the liquefaction process of wood at early stage. In fact, very recently, Miyafuji and Saka reported that a primary liquefaction process of the wood occurs at the latewood part. 27 Although we cannot comment whether water in biological specimens shown in this article was completely replaced with RTIL at this stage, we suppose that RTIL is introduced to the specimens in varying degrees and it exists as a RTIL aqueous solution in the specimens. Because such RTIL aqueous solution is relatively-stable under vacuum condition, 29 the morphology preservation of wet biological specimens under vacuum condition may be caused by anomalous physical property of the RTIL aqueous solution.
Conclusion
We examined fundamental penetration characteristics of a primary electron beam irradiated from an electron gun in a SEM system to RTIL, and the SEM system was successfully created for in situ SEM observation and video recording of electrochemical reaction in RTIL. This analytical technique will greatly contribute to further development of the electrochemical devices. RTIL-based SEM observation will be a very useful technique in life science because our proposed pretreatment method using RTIL enables direct SEM observation of wet biological specimens without laborious processes. Thus, the analytical technique combined with RTIL and SEM will be a key analytical method in both electrochemistry and life science for producing next-generation technologies.
Latewood Earlywood (a) (b) Figure 5 . SEM images of a wood pretreated with Scheme 1(b), (a) before and (b) after the liquefaction process. The accelerating voltage for primary electron beam irradiation was 5 kV. The sample was a dried wood (Cryptomeria japonica) and ca. 1020 µm thick.
[EtMeIm][AcO] was used for liquefying the wood sample. The liquefying experiment was conducted at 393 K for 30 min under stationary condition.
Electrochemistry, 80(5), 308311 (2012)
